The transcriptional response of mouse pro-B cells to two dierent apoptotic stimuli was investigated. First, interleukin-3 (IL-3) deprivation was used to trigger programmed cell death in IL-3 dependent FL5.12 cells. Alternatively, cells were treated with the protein kinase C (PKC) inhibitor staurosporine. The temporal pattern of gene expression was followed with cDNA microarrays, covering over 8700 dierent mouse cDNA sequences corresponding to approximately 7900 unique genes. Messenger RNA levels of 315 genes were found to be regulated by more than twofold upon IL-3 removal, while 125 genes reacted to staurosporine treatment. Cross-comparison revealed an intersection of 34 genes similarly regulated in both pathways and thus representing candidates for common apoptosis regulators. For many expressed sequence tags (ESTs) our data suggest for the ®rst time functions in the control of apoptosis, stress response or the cell cycle. IL-3 removal led to the repression of genes required for proliferation and to the induction of genes, linked to apoptotic and signaling pathways. Staurosporine caused predominantly activaIntroduction Apoptosis as a genetically controlled cellular suicide program assures the ordered removal of super¯uous or potentially harmful cells (Ellis and Horvitz, 1986; Thompson, 1995) . Most apoptotic pathways have in common that the ®nal execution of cell death involves the degradation of speci®c target proteins and chromosomal DNA (for review see Steller, 1995) . Those terminal steps of cell death are transcriptionindependent events. In some systems apoptosis may also be initiated during, or even be triggered by, the inhibition of RNA or protein synthesis (Martin et al., 1990) . In other cases however, apoptosis requires the upregulation of death genes like Bax (Miyashita and Reed, 1995) , Fas ligand (Kasibhatla et al., 1998) , or the tumor suppressor p53 (Khanna and Lavin, 1993) .
Survival signaling pathways counteract the activity of pro-apoptotic proteins. Survival factors such as neurotrophins, insulin-like growth factor and interleukin-3 (IL-3), trigger signal transduction cascades leading to activation of the Akt (PKB) kinase which inhibits pro-apoptotic proteins like caspase-9 (Cardone et al., 1998) , BAD (Datta et al., 1997) , or the transcription factor FKHRL1 (Brunet et al., 1999) . Known transcription factors with anti-apoptotic activity that are induced by IL-3 include NF-kB, c-myc, NFIL3/E4BP4, SLUG and STAT5 (Besancon et al., 1998; La Rosa et al., 1994; Ikushima et al., 1997; Inukai et al., 1999; Mui et al., 1996) . Although some targets of these factors have been identi®ed, our knowledge of transcriptional cascades in survival signaling clearly remains incomplete.
Poisoning of cells with the protein kinase C inhibitor staurosporine (STS) also induces apoptosis in a variety of cell lines (Bertrand et al., 1994) , among them FL5.12 murine pro-B cells (Zhang et al., 1999) . STS causes cytochrome c release from mitochondria and posttranslational activation of caspase 3 and 7 (Jiang et al., 1999; Germain et al., 1999) but little is known about the transcriptional response to poisoning. STS leads to the downregulation of anti-apoptotic DAD1 and pro-apoptotic interleukin-1 b-converting enzyme (ICE) as well as to the upregulation of pro-apoptotic bcl-xs and anti-apoptotic Ich-1s in a prostatic tumor cell line (Zhang et al., 1996) . Given these apparently opposing eects, and the fact that the data were obtained with a transformed cell line, it is obvious that the relevance of transcriptional events for STSmediated death is not yet fully understood.
Here we describe the use of cDNA microarrays (Schena et al., 1995 (Schena et al., , 1996 to investigate the global pattern of gene expression upon induction of programmed cell death. We compared a physiological apoptosis induction pathway with apoptosis upon drug-induced inhibition of protein kinase C. The orchestration of transcriptional events could be traced for both pathways and clusters of coregulated genes were identi®ed. Additionally, genes which are commonly regulated in both pathways may represent shared components of the apoptotic or proliferationcontrol machinery. The strategy of cross-pathway comparison described here might lead to the identi®ca-tion of novel regulators and provides a global picture of pathway-speci®c and shared regulatory events during apoptosis induction.
Results

Gene expression microarrays
Microarrays included 8734 cDNA elements corresponding to 2588 unique annotated genes and 5393 ESTs from unique unnamed gene clusters. We compared mRNA levels of cells that were IL-3-depleted for 0, 0.5, 2, 4, 6, 8, 12, 16 and 24 h with mRNA levels of cells grown in the presence of IL-3. For investigation of the STS pathway, arrays of timepoints 1, 4, 12 and 24 h after STS addition were analysed. Figure 1a compares the kinetics of cell death arising from both treatments (see also Oltvai et al., 1993; Zhang et al., 1999) . For selection of our initial data set to be further analysed we chose very stringent criteria and considered only¯uorescence signals as valid that were at least threefold above the local uorescence background and covered at least 40% of the individual spotting area. Figures 1b and c depict graphical representations of array quality parameters as visualized by the Expressionist TM software (GeneData, Basel). Four quadrants of a complete highquality microarray are shown in Figure 1b , with valid data points depicted in light gray and invalid datapoints in dark gray. Only valid signals were used for further analysis. Figure 1c shows a color coded representation of quality parameters of the same array. This depiction gives an immediate impression of the number of data points ful®lling the respective combinations of area percentage and signal to background values. Genes dierentially regulated by more than twofold were selected for generation of expression ratio/time curves. Three genes which appeared regulated by a factor of more than 2 at timepoint 0 h were considered as artefacts and excluded from the IL-3 working data set. They are therefore not listed in Table  1 . We identi®ed 105 genes (or ESTs) that were higher expressed after removal of IL-3 while the level of 210 genes was signi®cantly reduced. Figure 1e shows the combined expression pro®les of IL-3-responsive genes. The extent of dierential expression increased steadily over time for the majority of IL-3-controlled transcripts while only a minor proportion was characterized by a complex pattern of regulation. STS treatment caused a weaker transcriptional response with 102 upand 23 down-regulated genes. From these data it appears that IL-3 removal leads to an overall reduction of metabolic activity before apoptosis is initiated, while STS triggers more gene inductions than repressions. Table 1 lists genes that were dierentially expressed by a factor of at least threefold.
Gene expression pro®les which are generated from multiple array experiments serve as inherent controls for the reproducibility of the observed changes in gene expression over time. For most regulated genes we indeed observed smooth curves of expression ratios, eectively providing independent con®rmations for measurements at the individual timepoints. Selected genes were grouped according to the similarity of their respective expression patterns by an agglomerative hierarchical clustering algorithm of the Expressionist software (Hartigan, 1975) . Figure 2 shows representative curves from 20 gene clusters. Dierent cDNA clones corresponding to the same gene usually produced very similar expression curves (see example in Figure 2c ), demonstrating the consistency of the microarray hybridization results. We also performed Northern blotting for ®ve genes and real-time, quantitative PCR for two genes as independent tests (Figure 3 ). All three methods produced very similar expression pro®les for the genes examined. For a few genes the transcriptional control by IL-3 has been described in the literature, serving as an additional test for the reliability of our microarray results. For instance, the cytokine inducible SH2 containing protein (CIS) is upregulated as an immediate early gene in hematopoietic cells by IL-3 (Matsumoto et al., 1997) . In accord with this observation we found cis as one of the ®rst genes to be strongly repressed upon IL-3 removal (see Figure 2a) . Similarily, c-myc expression was immediately abated in our experiments as it had been observed by other investigators for apoptosis in immature B-lymphoma cells (Wu et al., 1996) . The gene for carnitine palmitoyltransferase I (CPT I), a protein that takes part in the uptake of fatty acids into mitochondria for b-oxidation, was induced upon IL-3 removal. This had been previously observed during apoptosis in the hematopoietic cell lines LyD9 and WEHI-231 (Paumen et al., 1997) . Other genes like NFIL3 or SLUG which had been reported to be transcriptionally controlled by IL-3 were not represented on the microarrays of our experiments.
Genes regulated upon interleukin-3 removal
Among the 315 genes that were regulated more than twofold upon IL-3 deprivation, 183 were characterized genes or had homology to known genes. A major proportion of transcriptional events re¯ected decreasing proliferative activities of the cells, like repression of the genes for replication factor CDC46 (Kimura et al., 1995) , a homolog of the human cyclin-dependent kinases regulatory subunit 1, CKShs1 (Urbanowicz- Kachnowicz et al., 1999) or the large subunit of RNA polymerase 1 (RPA1) that is involved in the transcription of rDNA (Grummt, 1999) . Although the majority of IL-3 controlled genes with anabolic functions were repressed upon growth factor removal, we identi®ed a few genes of biosynthetic pathways that were induced. Among these was 1-acyl-sn-glycerol-3-phosphate acyltransferase (1-AGPAT) that is involved in phospholipid synthesis (Kume and Shimizu, 1997) . Lysophosphatidic acid, the substrate of 1-AGPAT, acts as a growth stimulating factor (Moolenaar and van Corven, 1990 ) and induction of the LPA converting enzyme might thus contribute to growth arrest signaling. A similar role could be played by the sphingosine-1-phosphate lyase, which we found to be transcriptionally activated. It cleaves sphingosine-1-phosphate that participates in proliferative signaling (Zhou and Saba, 1998 ). An increased level of the sphingosine-1-phosphate-degrading enzyme may contribute to cell cycle arrest in the absence of growth factor.
Many genes encoding components of the translational apparatus or those involved in the synthesis of macromolecular precursors were repressed. Decreasing transcript numbers of several RNA processing factors were indicative of abated splicing activities. Genes for protein folding facilitators like prefolding (Vainberg et al., 1998) , peptidyl-prolyl cis-trans isomerase A (Hamilton and Steiner, 1998), or HSP65 (Lotscher and Allison, 1990) were downregulated as well, presumably re¯ecting a reduced need for protein folding mediators upon reduction of translational activities. Interestingly, HSP65 has previously been shown to prevent macrophage apoptosis (Hisaeda et al., 1997) . Its reduction might thus contribute to the cell's disposition to suicide upon growth factor removal. A role in programmed cell death is also conceivable for a group of genes related to the generation of oxidative stress that we found to be induced. Metallothionein 1 is part of the oxidant stress response and also in¯uences the mitochondrial membrane permeability (Chubatsu and Meneghini, 1993; Simpkins et al., 1998) . Carnitine palmitoyltransferase I participates in fatty acid oxidation and has been previously suspected to be involved in apoptosisinduction (Paumen et al., 1997) .
We found that removal of IL-3 in¯uenced the expression of numerous signaling molecules. The chemokine (C-X-C) receptor 4 has recently been shown to mediate apoptosis upon binding of the human immunode®ciency virus (HIV-1) glycoprotein gp120 and the C-X-C chemokine SDF-1 (Hesselgesser et al., 1998) . We observed a strong immediate induction of the chemokine receptor that could therefore be part of the apoptotic program in pro-B cells or increase the cell's sensitivity to chemokines. As another induced signal transduction factor we identi®ed protein kinase C delta (PKC delta) that has recently been found to be proteolytically activated upon apoptosis-induction through ionizing radiation in human U937 cells (Emoto et al., 1995) . Later it was described that apoptosis could also be directly stimulated by expressing the 40 kDa catalytic domain but not the fulllength PKC-d, suggesting that activation of the PKC-d cleaving cysteine protease CPP32 (caspase3) is a prerequisite of apoptosis induction by PKC-d (Ghayur et al., 1996) . We reasoned that upregulation of PKC-d might be a means of generating higher amounts of proteolytically activatable kinase and therefore investigated expression of PKC-d at the protein level by Western blot analysis. We observed PKC-d induction with very similar kinetics as at the mRNA level ( Figure  3) . After 24 h of IL-3 deprivation a 40 kDa polypeptide appeared that could be detected by an antibody recognizing the C-terminus of PKC-d, indicating proteolytic processing and presumably activation of PKC-d during apoptosis induction.
Our data indicate that an important part of the transcriptional response to growth factor deprivation is the altered expression of many transcriptional regulators themselves. RPT1, and murine CCR4 (mCCR4) for example were both induced in our experiments. RPT1 was originally identi®ed as a trans-acting factor that represses the interleukin 2 receptor (Patarca et al., 1988) while mCCR4 is a homolog of the general transcription factor CCR4 of yeast (Dupressoir et al., 1999) . Among the downregulated genes was the cellular nucleic acid binding protein, CNBP that has been implicated in the regulation of several genes including c-myc (Michelotti et al., 1995) that we found to be repressed immediately after IL-3 removal. Signi®cant reduction of CNBP transcripts occurs later than repression of c-myc, however, suggesting that other events than lowering of CNBP transcript numbers cause c-myc downregulation. The observed fast reduction of c-myc levels probably represents a key step in apoptosis induction, as the inhibition of c-myc expression has been found to be sucient to trigger apoptosis in immature B-lymphoma cells (Wu et al., 1996) . Reduction of mRNA levels was also observed for Sp1, a zinc ®nger transcription factor acting on GC boxes in the regulatory regions of many genes. Upon anti-IgM-induction of B-cell apoptosis, Sp1 is cleaved by caspases (Rickers et al., 1999) and we found a reduction of Sp1 transcripts after 8 h of growth factor deprivation. Interestingly, Sp1 is required for expression of the antiapoptotic survivin gene which may hence be also repressed as a consequence of Sp1 reduction (Li and Altieri, 1999) .
Transcriptional events upon STS treatment
The transcriptional response of pro-B cells to the protein kinase C inhibitor STS involved some 65 ESTs of unknown function in addition to 60 characterized genes and ESTs with signi®cant similarity to sequences of known function. An intriguing ®nding was the apparent overlap between STS-induced cell death and in¯ammatory processes. We observed the induction of two in¯am-mation-linked cytokines of the MIP1 family, C10 and MIP1-b (A4). C10 is expressed at high levels during chronic in¯ammation (Wu et al., 1999) , while MIP1-b induces T-cell adhesion and chemotaxis during in¯am-mation (Tanaka et al., 1993 ). An in¯ammation-like response is probably also mediated by the calcium sensor protein MRP8, which has been linked to several in¯ammatory disorders (for review see Kerkho et al., 1998) . In this context, another ®nding of our experiments appears also relevant: the transcription of ERS-IkB, a ubiquitin ligase responsible for the ubiquitination of IkB, was induced upon STS treatment. Since ubiquitination of IkB leads to its proteasome-mediated destruction, IkB can then no longer inhibit NF-kB, which is known as a prominent activator of pro-in¯ammatory genes (Yaron et al., 1998; Lentsch and Ward, 1999) .
As an early event after STS addition, we observed the induction of two proteins that have anti-apoptotic potential and also a connection to in¯ammation: TXBP151 and osteopontin. TXBP151 interacts with A20, an anti-apoptotic zinc ®nger protein which is induced by in¯ammatory stimuli. Tumor necrosis factor-induced apoptosis can be inhibited by TXBP151 overexpression in NIH3T3 cells (De Valck et al., 1999) . Osteopontin promotes survival of endothelial cells by activating NF-kB (Scatena et al., 1998) and is known to modulate immune and in¯ammatory processes via various receptors (Denhardt and Noda, 1998) . From our expression data it thus appears that PKC-d inhibition not only induces cell death but initially also triggers survival or rescue mechanisms to counteract the poisoning.
Interestingly, we found the secretory granule proteoglycan core protein, serglycin to be continuously upregulated after STS addition. Serglycin plays a Figure 2 Representative gene expression pro®les of 315 genes grouped in 20 clusters (a ± t). Genes or EST clones that showed at least twofold dierential expression at one or more timepoints after IL-3 removal were grouped according to the similarity of their expression pro®les. The similarity was calculated by an agglomerative hierarchical clustering algorithm (see Materials and methods). Dierent cDNA clones representing the same gene usually produced very similar expression pro®les. An example is shown in (c): the green and blue curves correspond to IMAGE clones 385441 and 333376 of the same gene, A10. The number in the upper right corner of each panel represents the number of clones in the cluster. Gene expression values are given as ratios of the signal of IL-3 depleted samples versus the signal of IL-3 containing samples. A complete list of genes in each cluster can be obtained upon request Gene annotations are as provided by INCYTE Corp., except for a few sequences for which similarity searches to recent database releases indicated higher similarities to the gene mentioned. ESTs with no signi®cant homology to sequences in the databases are not listed. The complete set of data is available upon request hitherto incompletely de®ned role in the granzyme pathway of apoptosis, acting as a scaold for granzyme packaging and probably controlling the activity of granzyme proteinases (Galvin et al., 1999) . With serglycin as one of the most strongly induced genes, this ®nding raises the possibility of a functional link between the granzyme pathway and apoptosis caused by STS poisoning.
Genes regulated in both apoptosis-induction pathways
Genes responding in a similar fashion to two dierent apoptotic stimuli may constitute a common core of apoptosis, cell cycle and stress regulators. To identify such candidates we searched for genes that are similarly regulated in both pathways. Of the induced genes, 11 ESTs and 10 genes with known or predicted functions, were part of both the IL-3 deprivation and the STS response. This corresponded to more than one-third (36%) of the STS-induced genes, while for the repressed genes the intersection was even more pronounced as 13 of 15 genes (87%) downregulated by STS were also repressed after IL-3 removal. These ®ndings indicated a signi®cant overlap between the two alternative pathways, providing a manageable number of candidate genes that can be individually tested for their roles in apoptosis or cell cycle regulation. Among the coregulated genes were the known or predicted transcription factors GATA-2, STRA-13, MRG-1 and MKR-3 (Chowdhury et al., 1988) . GATA-2 is a zinc ®nger protein controlling cell proliferation during haematopoiesis (Tsai et al., 1994) . Overexpression of GATA-2 in pluripotent hematopoietic cells blocks their proliferation but not survival in the presence of IL-3 (Heyworth, 1999; Persons et al., 1999) . Hence upregulation of GATA-2 in our experiments presumably re¯ected its potential of negatively regulating the cell cycle rather than direct involvement in apoptotic signaling. The STRA-13 sequence was deposited at the Genbank database (Acc.: AF010305) and was described as retinoic acidinducible gene of the helix ± loop ± helix family that controls dierentiation in embryonal carcinoma cells. For both pathways we found an immediate repression of STRA-13 followed by a continuous return to basal expression levels consistent with a role of STRA-13 in an early cell fate decision process. The control of proliferation is also in¯uenced by MRG-1, a transcriptional activator with transforming potential that can be induced by several cytokines (Sun et al., 1998) and was continuously repressed in our experiments.
Another regulator of proliferation that we identi®ed in both pathways is BTG-2 that was found to be induced upon DNA damage in a p53-dependent manner and is required for cell cycle arrest in embryonic stem cells (Rouault et al., 1996 (Rouault et al., , 1998 . Since p53 has been implicated in apoptosis and cell cycle arrest in IL-3-dependent cells (Blandino et al., 1995; Gottlieb and Oren, 1998) , BTG-2 induction is probably a consequence of p53 activation and contributes to cell cycle arrest and apoptosis in FL5.12 cells. The kinetics of BTG-2 induction, however, indicate dierences between the pathways. While expression slowly increases over 12 h following IL-3 removal, it already reaches its maximum after 1 h of STS treatment to quickly return to basal levels thereafter.
A protein family, for which only recently the link to proliferation and apoptosis control was identi®ed, are the galectins, b-galactoside binding lectins (for review see Perillo et al., 1998; Rabinovich, 1999) . We found galectin-9 to be induced, reaching maximal expression at 12 h after IL-3 removal and subsequently returning to non-induced levels. In response to STS treatment, transcripts steadily increased over time. Galectin-9 was described to trigger apoptosis of thymocytes and might thus also be a regulator of programmed cell death of growth factor-dependent cells.
Evidence for overlapping proteolytic activities in the two apoptotic model pathways came from our ®nding that CD156, a member of the ADAM family of metallo-protease/disintegrin domain containing proteins (Kataoka et al., 1997) was induced in both pathways. Additionally, one of the most signi®cantly repressed genes we found was SPI2/EB1, coding for a serine proteinase inhibitor related to contrapsin (Inglis et al., 1991) . Neither of the proteins have known targets, and our ®ndings provide the ®rst evidence of a role in proliferation control and apoptosis.
One gene implicated in the generation of reactive oxygen species, p67phox, was found to be commonly induced by the two pathways. p67phox is a component of an NADPH oxidase complex, producing superoxide anions (Mizuki et al., 1998) , and could contribute to the generation of oxidative stress as part of the apoptotic processes. Interestingly, myeloperoxidase, which has been linked to apoptosis as it participates in fatty acid oxidation and thereby also increases oxidative stress (Rosenfeld, 1998) was regulated in opposite directions in our model pathways. While signals of all three cDNA clones of the myeloperoxidase gene that were spotted on the microarray consistently indicated an induction upon growth factor deprivation, STS treatment always led to transcript reduction.
Recent work by other investigators suggested an important role of changes in dNTP metabolism for apoptosis. Upon IL-3 removal, dNTP levels become rapidly imbalanced in growth factor-dependent murine BAF3 cells. This imbalance is accompanied by reduced activity of thymidine kinase, an enzyme controlling dNTP synthesis, and followed by apoptosis (Oliver et al., 1996) . Strikingly, overexpression of a heterologous thymidine kinase protects cells from apoptosis through IL-3 removal (Oliver et al., 1997) . Our analyses showed that thymidine kinase is repressed in either of the apoptotic pathways, consistent with a more general anti-apoptotic role.
In summary, expression pro®ling indicated both a prominent intersection between the two apoptotic pathways as well as many speci®c events. The respective transcriptional programs in¯uence not only a few isolated aspects of cellular physiology but rather re¯ect a high degree of complexity involving many dierent signaling pathways.
Clusters of gene expression profiles
An intriguing potential of large-scale gene expression pro®ling is the identi®cation of groups of coregulated genes. Coregulation might be indicative of common regulatory mechanisms underlying expression of the genes and might even in some cases re¯ect the involvement in the same biochemical process. Sequences of unknown function could thereby be functionally linked to characterized genes and directly be tested for their involvement in the same cellular process.
As alternative methods to determine gene expression pro®les like Northern blotting or quantitative PCR con®rmed our microarray results, we analysed the IL-3 deprivation response by de®ning clusters of similar pro®les (Figure 2) . Figure 4 shows groups of genes that were previously known to be part of the same complexes or processes and could thus serve as test cases for coregulation. Aminoacid -tRNA synthetases, proteasome subunits, splicing factors, translation initiation factors, nuclear ribonucleoproteins and nuclear import factors were all represented by at least two genes and were considered as suciently similar in their cellular roles to expect coregulation. We found highly similar expression pro®les within all groups of functionally closely related genes, suggesting that indeed transcriptional regulation is tightly linked to gene function. Similar temporal expression patterns were however also obtained for genes with clearly dierent biochemical functions. The transcription factor GATA-2, for example, was induced with almost identical kinetics as the myeloperoxidase gene (Figure 2t ) although their respective functions are obviously dierent. Nevertheless, similar expression patterns may still be a consequence of shared regulatory mechanisms.
The clustering process also helps to distinguish between frequent expression patterns and highly speci®c ones which probably require the involvement of specialized sets of transcription factors. Continuously downregulated genes formed the largest clusters followed by a group of continuously upregulated genes while only relatively few genes showed more complex curves with maximal dierential expression at an intermediate timepoint. Clustering also roughly reected the onset of regulation, thereby distinguishing between early (Figure 2a ) and late ( Figure 2m ) responsive genes, although details of the shape of expression curves may be neglected by the clustering algorithm which calculates the average distances between the expression values of two curves.
Discussion
We used cDNA microarrays to investigate gene expression events during apoptosis-induction on a genomic scale without a bias on previously known components of the pathways. In contrast to most Figure 4 Comparison of expression pro®les of genes with very similar functions. To test whether similarity of function correlated with similarity of expression patterns we analysed the transcriptional patterns of genes with closely related functions like aminoacid t-RNA synthetases, proteasome subunits, ribonucleoprotein subunits, translation initiation factors, and nuclear import factors (from left to right). Similarity of expression pro®les is unlikely to be due to cross-hybridization since spotted cDNAs share less than 50% sequence identity traditional experimental systems which determine the in¯uence of a few factors on the progression of cell death, microarrays allowed us to monitor even subtle changes of expression patterns of thousands of genes. We suppose that this approach is more suitable to contribute to a realistic view of the complex series of events that culminate in cell death, than looking solely at the eects of individual genes. A complete view on gene expression is however still hindered by the fact that the currently available genomic information and microarrays do not yet comprise the complete set of mammalian transcripts. It seems certain that, as more large-scale microarrays become accessible, even more inter-pathway links will be discovered.
Our data indicated the regulation of approximately 4% of the genes represented on the microarray by a factor of 2 or higher upon growth factor deprivation. STS poisoned cells regulated 1.6% of the represented genes during the observed time-period. These numbers are a conservative estimate of the transcriptional response and presumably underestimate the amount of changes in gene expression since we used very stringent cut-o criteria for the selection of datapoints for generation of expression pro®les. Nevertheless, these single digit numbers indicate a highly selective transcriptional response to the apoptotic insults, involving only a fraction of expressed genes. While IL-3 deprived cells ®rst seem to assure the ordered reduction of metabolic activities before they commit themselves to suicide, STS causes the activation of mostly regulatory proteins. Since STS is a rather unspeci®c inhibitor, the apoptotic response is possibly caused by the lack of phosphorylation of several kinase targets and thus it is not surprising to observe a complex cellular reaction to that treatment. A striking feature of the STS response was the activation of genes linked to in¯ammatory processes. It had been shown earlier that phorbol esters induce in¯ammation of the skin via activation of PKC ± a process which can be blocked by inhibition of PKC (Gupta et al., 1988; Reynolds et al., 1997) . On the other hand our data indicate the induced expression of macrophage in¯ammatory protein 1 b (Mip1-b) and the related C10 protein. Similarly, Xiao and colleagues (1999) discovered the STS-triggered upregulation of Mip2 in neutrophils. These observations suggest that PKC activity is not strictly required for triggering all in¯ammatory pathways.
The discovery of genes that had been described in the context of other processes may shed new light on their functions. In general, our analysis of two apoptotic pathways also indicated that there are not only a few isolated transcriptional events which characterize apoptotic signaling, but that there rather is a complex coordinated network of regulations which involves many areas of cellular and inter-cellular physiology. This implies that the development of advanced anti-cancer agents should ideally include the genome-wide view on drug action.
Materials and methods
Cell line, cell culture conditions and viability assay Murine FL5.12 neo cells are stably transfected with a vector for G418 resistance and were obtained from Dr S Korsmeyer.
RPMI-1640 supplemented with 10% fetal calf serum and 1 ng/ml of recombinant IL-3 (Sigma) was used as a growth medium. Cells were grown in the presence of 200 mg/l of G418 in a humidi®ed atmosphere of 5% CO 2 . For IL-3 deprivation cells were grown to a density of 5610 5 cells/ml, washed three times in IL-3-free medium and split into two aliquots. Il-3 was added again to one of the two cultures, which then gave rise to the control samples of the respective time-points. We followed this strategy to normalize for changes of gene expression that are presumably induced by stress during the washing step. At various time points aliquots were removed from the cultures, cells were pelleted and stored at 7708C until RNA was prepared. Cell viability was monitored by trypan blue exclusion, counting greater than 200 cells per aliquot. For induction of apoptosis by STS (Novartis, CGP 39360) cells were grown to a density of 1.5610 5 cells/ml before STS was added (20 nM). mRNA of cells harvested at the timepoint of STS addition (t=0 h) served as the reference probe for all time-points.
RNA preparation and Northern blot analysis
Total RNA was extracted using RNeasy (Qiagen) and poly(A) + RNA was isolated from total RNA with Oligotex (Qiagen). Nine mg of total RNA were loaded onto a NorthernMaxGly gel (Ambion) for electrophoresis, which was followed by transfer to a Brightstar Plus membrane (Ambion). IMAGE cDNA clones 640763 (T-cell receptor g chain) and 571819 (hemoglobin-a) were obtained from Research Genetics, and served as templates for generation of RNA hybridization probes with Brightstar Psoralen Biotin (Ambion). The template DNA for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) probe generation was included in the Psoralen Biotin kit. Probes were detected with Brightstar Biodetect (Ambion).
Real time PCR
For mRNA quanti®cation the SYBR TM Green PCR Master Mix (PE Biosystems) was used to perform a two-step reversetranscription polymerase chain reaction according to the protocols supplied by the manufacturer. Primers were designed with the primer express software of PE Applied Biosystems to obtain GAPDH (CCTGCTTCACCACCTTC-TTGA, CATGGCCTTCCGTGTTCCTA), L-selectin (CTT-GC AA TG GC CG TGGAG, GCCCGTAATACCCTGCAT-CA) and chemokine (C-X-C) receptor 4 (TCATCAGCCTG-GACCGGTA, AGCAGTTTCCTTGGCCTCTG) amplicons. Two hundred ng poly(A) + RNA were reverse transcribed for each sample and 1 ng of resulting cDNA was used as template for real time PCR. Relative amounts of speci®cally ampli®ed cDNAs were calculated with the comparative threshold-cycle method, using the GAPDH amplicon as a reference. All reactions were performed in triplicate to ensure consistency of results.
Western blotting
Cell lysates were prepared as described (Pierrat et al., 1998) . Immunoblots were probed with primary antibody for 1 h at room temperature, and secondary alkaline phosphataseconjugated antibody was applied (Bio-Rad, 1 : 3000) before staining with SIGMA Fast tablets (Sigma). Primary rabbit anti-PKC delta antibody (SC-213), goat anti-CIS antibody (SC-1529) and secondary anti-rabbit antibody (SC-2007) were purchased from Santa Cruz Inc. Secondary donkey anti-goat antibody was obtained from Jackson ImmunoResearch.
cDNA microarrays
Preparation of mouse GEM TM 1 microarrays, probe labeling, hybridization, microarray scanning, normalization and ratio determination were performed by Incyte Pharmaceuticals, according to the protocols available from Incyte. Brie¯y, sequences for arraying are generated by PCR and PCR products are puri®ed by gel ®ltration and equilibrated in 0.26SSC. The ®ltrate is dried down and rehydrated in one tenth-volume dH 2 O for arraying on modi®ed glass slides. Slides are U.V. crosslinked, washed in dH 2 O and treated with 0.2% I-Block (Tropix, Bedford, MA, USA). Arrays are then rinsed in 0.2% SDS followed by washes in dH 2 O. Fluorescent labeling of probe: Isolated mRNA is reverse transcribed with 5' Cy3 or Cy5 labeled random 9-mers (Operon Technologies, Inc., Alameda, CA, USA). Reactions are incubated for 2 h at 378C with 200 ng poly(A) + RNA, 200 units M-MLV reverse transcriptase (Life Technologies), 4 mM DTT, 1 unit RNase Inhibitor (Ambion, Austin, TX, USA), 0.5 mM dNTPs, and 2 mg labeled 9-mers in 25 ml volume with enzyme buer supplied by the manufacturer. The reaction is terminated by incubation at 858C for 5 min. The paired reactions are combined and puri®ed with a TE-30 column (Clonetech, Palo Alto, CA, USA), brought to 90 ml with dH 2 O, and precipitated with 2 ml 1 mg/ml glycogen, 60 ml 5 M NH 4 OAc, and 300 ml EtOH. After centrifugation the supernatant is decanted and the pellet is resuspended in 24 ml of hybridization buer: 56SSC, 0.2% SDS, 1 mM DTT. Hybridization: Probe solutions are thoroughly resuspended by incubating at 658C for 5 min with mixing. Eighteen ml of probe is applied to the array, covered with a 22 mm 2 glass coverslip, and placed in a chamber to prevent evaporation. After hybridization at 608C for 6.5 h, slides are washed for 10 min in 16SSC, 0.1% SDS, 1 mM DTT at 458C, 3 min in 0.16SSC, 0.1% SDS, 1 mM DTT at 208C, and 1 min in reagent alcohol, then dried. Scanning: Microarrays were scanned in both Cy3 and Cy5 channels with Axon GenePix TM scanners (Foster City, CA, USA) with a 10 mm resolution. The signal is converted into 16-bits-per-pixel resolution, yielding a 65 536 count dynamic range. Normalization and ratio determination: Incyte GEMTools TM software (Incyte Pharmaceuticals) was used for image analysis. The area surrounding each element image is used to calculate a local background that is subtracted from the total element signal. The average of the resulting total Cy3 and Cy5 signal gives a ratio that is used to balance or normalize the signals.
For investigation of the IL-3 response the sample derived from cells that were grown in the presence of IL-3 was labeled with CY5 and hybridized to the same chip as the CY3-labeled sample from IL-3 deprived cells of the same time point. For staurosporine the reference probe was always the 0 h sample, labeled with CY5 and competitively hybridized with CY3-labeled samples from staurosporine treated cells of the respective time points.
Expression data were stored and analysed using the software package CoBi 2.0/Expressionist 2.0 (GeneData). Features of the software include among others: quality control of hybridization results, data overview of single or multiple experiments, and dierent clustering algorithms.
